Bone is an endocrine organ involved in modulating glucose homeostasis. The role of the bone formation marker osteocalcin (OCN) in predicting diabetes was reported, but with conflicting results. No study has explored the association between baseline bone resorption activity and incident diabetes or prediabetes during follow-up. Our objective was to examine the relationship between the baseline bone resorption marker crosslinked C-telopeptide of type I collagen (CTX) and glycemic dysregulation after 4 years. This longitudinal study was conducted in a university teaching hospital. A total of 195 normal glucose tolerant (NGT) women at baseline were invited for follow-up. The incidence of diabetes and prediabetes (collectively defined as dysglycemia) was recorded. A total of 128 individuals completed the 4-year study. The overall conversion rate from NGT to dysglycemia was 31.3%. The incidence of dysglycemia was lowest in the middle tertile [16.3% (95% confidence interval (CI), 6.8%-30.7%)] compared with the lower [31.0% (95% CI, 17.2%-46.1%)] and upper [46.5% (95% CI, 31.2%-62.6%)] tertiles of CTX, with a significant difference seen between the middle and upper tertiles (P = 0.002 5). After adjusting for multiple confounding variables, the upper tertile of baseline CTX was associated with an increased risk of incident dysglycemia, with an odds ratio of 7.09 (95% CI, 1.73-28.99) when the middle tertile was the reference. Osteoclasts actively regulate glucose homeostasis in a biphasic model that moderately enhanced bone resorption marker CTX at baseline provides protective effects against the deterioration of glucose metabolism, whereas an overactive osteoclastic function contributes to an increased risk of subsequent dysglycemia.
INTRODUCTION
Diabetes is now a worldwide health problem. 1 Epidemiological studies have also reported a prevalence of prediabetes as high as 30%-50%. [2] [3] It was estimated that 20%-25% of normal glucose tolerant (NGT) subjects will develop prediabetes and diabetes in 10 years; 4 thus, there is an urgent need to identify subjects at high risk of developing prediabetes and diabetes. Bone is an ever-changing organ that actively participates in the regulation of energy homeostasis. 5 In the last 10 years, mounting evidence from mouse models has suggested a promising role of the skeleton in regulating glucose homeostasis, mainly through a bone protein synthesized by osteoblasts called osteocalcin (OCN), which can stimulate insulin release from β cells and improve insulin sensitivity. [6] [7] [8] [9] Although most, but not all, human crosssectional investigations lend support to the negative associations between the bone formation marker OCN and fasting plasma glucose (FPG) and glycated hemoglobin (HbA1c), 10 data from a limited number of longitudinal human studies are not consistent. [11] [12] The underlying reason for these controversial clinical observations is multi-factorial. Although most studies focused on OCN produced by osteoblasts, the function 1 of osteoclasts in modulating energy metabolism should not be neglected. A mouse study demonstrated that changes in osteoclast number or activity directly altered glucose tolerance. 13 It was also shown that osteoclasts promote OCN bioactivity by inducing its decarboxylation in the acidic resorptive environment that they create. 14 Recently,
there is important and novel evidence emerging that indirectly suggests a link between osteoclast activity and energy metabolism. [15] [16] Clinically, in our previous crosssectional study, we found that in NGT subjects, HbA1c is a positive contributor to the changes in the bone resorption marker crosslinked C-telopeptide of type I collagen (CTX), and that the increased serum concentrations of CTX were negatively associated with homoeostasis model assessment for insulin resistance. 17 These findings suggested that in NGT subjects, when there is a trend of increasing HbA1c, CTX will increase to counterbalance the continuing deterioration of glucose homeostasis. We further noted the protective compensatory response of bone peaks in the prediabetes status. It was thus hypothesized that with time, the skeleton may become "exhausted," leading to the development of diabetes. 17 On the basis of this assumption, it is necessary to examine whether there is really an "optimal" range for the glucose-protective effects of osteoclastic bone resorption and to determine under what conditions the osteoclasts will become "exhausted" and confer an increased risk of incident diabetes. Thus, to verify our bone compensation/exhaustion model in the occurrence of glycemic dysregulation, we followed the NGT subjects from our previous study for 4 years and found that slightly enhanced osteoclast activity, as reflected by the middle tertile of baseline CTX, is associated with the lowest risk of conversion from NGT to prediabetes and type 2 diabetes (collectively defined as dysglycemia). An exaggerated bone resorption function at baseline, as defined by the upper tertile of CTX, is predictive of developing dysglycemia during follow-up.
MATERIALS AND METHODS
In our initial cross-sectional study, there were 195 NGT women whose condition was confirmed by a 75-g oral glucose tolerance test, 17 and all of them were invited to participate in this 4-year follow-up study. Among these individuals, 45 migrated to other cities, 21 were reluctant to participate, and 1 died of pancreatic carcinoma; thus, 128 subjects (65.6%) were investigated in the current study. Serum concentrations of OCN and CTX were measured as previously reported. 17 Serum levels of 25-OH-D were measured by automatic electrochemiluminescence immunoassay (Cobas e602, Roche Diagnostics GmbH, Mannheim, Germany).
During the follow-up visit, oral glucose tolerance test was again performed after a 10-h fast in all subjects. FPG and 2-h plasma glucose (2-hPG) levels were measured during the oral glucose tolerance test. Anthropometric parameters, including age, body height, body weight, waist circumference, hip circumference, and blood pressure, were recorded as described previously. 17 .
Statistical analyses
Statistical analyses were performed using SAS Statistical Package (version 9.0; SAS Institute, Cary, NC, USA). Participants' characteristics were represented using the mean ± s.d. for continuous variables and medians with 25th and 75th percentiles for abnormally distributed variables. Differences between groups were analyzed using Student's t-test or an analysis of variance, and log transformation was applied where appropriate. Wilcoxon signed ranksum tests or Kruskal-Wallis tests were performed for nonparametric statistics. Categorical variables were shown as counts and proportions, and the differences were analyzed using Pearson χ 2 -tests. The odds ratio (OR) and 95% confidence interval (CI) of the association were assessed by logistic regression analysis. A P-value o0.05 was considered statistically significant.
RESULTS
The baseline characteristics of the participants according to CTX tertiles are shown in Table 1 . Stepwise increases in age and the proportion of post-menopausal women were observed with increasing CTX tertiles (both Po0.000 1). No differences were observed in terms of body mass index or waist-to-hip ratio across CTX tertiles. Participants in the upper tertile had significantly higher levels of HbA1c than those in the middle (Po0.01) and lower tertiles (Po0.05).
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Baseline CTX and incident dysglycemia T Liu et alHowever, there were no differences in FPG, 2-hPG, fasting insulin, or homoeostasis model assessment for insulin resistance among the CTX tertiles. Serum concentrations of OCN (Po0.000 1), calcium (P = 0.007 5), and albuminadjusted calcium (P = 0.002 8) increased with CTX tertiles, whereas bone mineral densities (BMDs) at lumbar spine L1-4 (Po0.000 1), femoral neck (P = 0.000 8), and total hip (P = 0.000 2) showed decreasing tendencies. There was no significant difference in serum 25-OH-D levels across CTX tertiles. CTX tertiles were not associated with hypertension, lipid profile, or renal function. Incident dysglycemia and baseline CTX levels During follow-up, the 2-hPG (Table 2 ) and HbA1c ( Figure 1 ) values of individuals in the upper baseline CTX tertile were higher than those in the middle (both Po0.01) and lower tertiles (both Po0.05). Individuals in the upper baseline CTX tertile had elevated FPG compared with those in the middle tertile (Po0.05). The incidence of type 2 diabetes was 4.7% in the upper tertile, 2.3% in the middle tertile, and Bone Research (2017) 17020
Baseline CTX and incident dysglycemia T Liu et al2.4% in the lower tertile, but the differences were not significant. The incidence of prediabetes was lowest in the middle tertile (14.0%), which was lower than those of the upper tertile (41.9%, P = 0.003 9) and lower tertile of CTX (28.6%, P = 0.099 1). As shown in Figure 2 , the incidence rates of dysglycemia were 31.0% (95% CI, 17.2%-46.1%), 16.3% (95% CI, 6.8%-30.7%), and 46.5% (95% CI, 31.2%-62.6%) in the three tertiles, with a significant difference between the middle and upper tertiles (P = 0.002 5). We then computed the ORs and 95% CIs for incident dysglycemia according to baseline CTX tertiles with and without the adjustment of several confounders. Because the incidence of dysglycemia was lowest in the middle CTX tertile, this tertile was chosen as the reference. As shown in Table 3 , subjects in the upper and lower tertiles of CTX had an increased risk of incident dysglycemia compared with the reference tertile, and statistical significance was evident for the upper tertile [OR, 4.47(95% CI, 1.63-12.25)]. Such an association still existed and even improved when age, body mass index, menopause status, hypertension, triglyceride, high-density lipoprotein, low-density lipoprotein, total cholesterol, uric acid, urea nitrogen, and creatinine levels were adjusted for, and the OR of dysglycemia in the upper CTX tertile was 4.98 (95% CI, 1.46-17.03). When bone mineral densities at L1-4, femoral neck, and total hip were further adjusted, the OR of dysglycemia reached 6.25 (95% CI, 1.67-23.43). When we additionally adjusted albumin-adjusted calcium and OCN, the upper tertile of CTX was still significantly associated with an increased risk of incident dysglycemia, with a higher OR of 7.09 (95% CI, 1.73-28.99).
DISCUSSION
The most important finding of the current study, which was performed in a group of NGT individuals, is that moderately enhanced bone resorptive activity at baseline, that is, the middle tertile of bone resorption marker CTX, contributes to a lower risk of progression from NGT to dysglycemia in 4 years, whereas overactive osteoclast function is predictive of the subsequent development of prediabetes and diabetes, independent of OCN.
Previous mouse studies clearly indicated that the formation of the metabolically active form of OCN, which can augment insulin release from pancreatic β cells and improve insulin resistance, relies on the acidic bone microenvironment provided by enhanced osteoclastic activity. 14, [18] [19] In addition, the glucose-regulatory effects of osteoclasts were further demonstrated in mouse models with loss or gain of function of bone resorption. 13 It was revealed that ablation of osteoclasts prenatally or postdevelopmentally results in the deterioration of glucose tolerance and impairment of insulin secretion due to decreased β-cell mass and islet number. 13 By contrast, Bone Research (2017) 17020
Baseline CTX and incident dysglycemia T Liu et almice with increased bone resorption as a result of deleting osteoprotegerin, a critical suppressive cytokine of osteoclastic activities, are more glucose tolerant and insulin sensitive than wild-type mice. 13 These findings from mouse studies prompted us to explore the implication of osteoclasts in glucose homeostasis in humans. In our previous cross-sectional study, after a detailed analysis of the relationships between CTX and HbA1c, we assumed that the elevation of CTX in prediabetes may represent a compensatory response of bone to protect against the mild deterioration of glucose homeostasis. 17 This assumption was tested and confirmed in this follow-up study. We found that a slightly enhanced osteoclast activity at baseline, for example, the middle tertile of CTX at 0.29 (0.25-0.33) ng·mL
, conferred the lowest risk of developing dysglycemia after 4 years. Although not unanimously consistent, it has already been demonstrated that bone formation and resorption markers in type 2 diabetic patients were lower in concentration than those in normal controls. [20] [21] Meanwhile, in a largescale cross-sectional study conducted in older men, it was found that for every 1 s.d. increase in bone formation and resorption parameters, including OCN and its undercarboxylated form, CTX, and N-terminal propeptide of type I collagen, there was a 30%-50% reduction in diabetes risk.
22
This finding, together with ours, suggests that somewhat rapid bone remodeling might be necessary for preventing the progression of NGT to prediabetes and diabetes. However, this compensatory effect may ultimately be exhausted. 17 In this study, we noted that those NGT subjects already at the upper tertile of baseline serum CTX concentrations [0.47 (0.41-0.56) ng·mL
] had an increased risk of subsequent dysglycemia, even after adjusting for multiple confounders, including age, body mass index, hypertension, medications, lipid profile, and others. Similar to us, a prospective population-based study reported that individuals who are in the upper tertile of serum concentration of receptor activator for nuclear factor-κ B ligand, which is a potent stimulator of nuclear factor-κB and a crucial modulator of bone resorption, [23] [24] have a three-to four-fold increase in the risk of developing type 2 diabetes compared with those in the median and low tertiles. 25 An increased serum calcium level, which could be regarded as a result of high bone turnover, was shown to be a predictor of type 2 diabetes. 26 By contrast, anti-resorptive therapy in a mouse model of type 2 diabetes improved insulin sensitivity and ameliorated or even normalized plasma glucose concentrations and glucose tolerance. 25 In addition, in humans, a 30%-50% or greater risk reduction for the development of type 2 diabetes was shown in users of anti-resorptive drugs compared with nonusers. [27] [28] Although the serum concentrations of bone turnover markers after treatment were not described in these studies, we tried to explain all these findings by a biphasic model of bone resorption in modulating glucose homeostasis .In our model, a moderately increased bone resorption activity is beneficial to glucose metabolism, whereas over-exaggerated bone resorption activity is harmful. According to our results, it could be inferred that preserving bone resorption within a certain range, for example, a middle tertile of serum CTX level at~0.25-0.30 ng·mL Previous results from rodent and human studies have suggested that the glucose effects of CTX are mediated through OCN. 13, 17 In the current study, even with the adjustment of OCN, the middle tertile CTX is still associated with the lowest risk of subsequent dysglycemia. This result suggests that risk reduction of dysglycemia with respect to a moderately increased CTX is independent of OCN, thus confirming that other molecule(s) might be involved in the interactions between bone and energy metabolism. 29 In addition, it was recently shown that with the global or selective ablation of leucine-rich-repeat-containing G protein-coupled receptor 4 (LGR4) in monocytes, which are the precursors of osteoclasts, the mutant mice not only developed osteoporosis with an increased osteoclast number and size 15 but were also resistant to diet and leptin-mutant-induced obesity with improved glucose metabolism. 16 Furthermore, a variety of phenotypes, including low bone mass, osteoporotic fracture, lower body weight and so on, were reported in Icelandic subjects with a rare loss-of-function mutation in LGR4. 30 Thus, it is of interest to investigate whether the glucose effects of CTX might be mediated through LGR4 and its related signaling pathway. Vitamin D status may be a confounding factor implicated in the cross-talk between bone and glucose metabolism, as a lower serum 25-OH-D level has been regarded as a risk factor for diabetes. [31] [32] Meanwhile, in our study, serum levels of 25-OH-D were comparable in the three groups of CTX tertiles. Despite the small sample size of the current study, several long-term clinical studies also reported that supplementation of vitamin D, even with very high dosages, could not reduce the risk of type 2 diabetes in prediabetes with or without hypovitaminosis D. [33] [34] CTX was recommended as a classical bone remodeling marker. 35 The possible effects of exposure to hyperglycemia
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Baseline CTX and incident dysglycemia T Liu et alon the measurement of CTX should be considered . Collagens in the body could be glycated by nonenzymatic reactions, 36 and the formation of advanced glycated end products is involved in the pathogenesis of diabetes and its chronic complications. [37] [38] The glycation of bone collagen may interfere with osteoclast differentiation and activity, 39 compromise bone quality and be responsible for the higher fracture risk in type 2 diabetic patients. 37, [40] [41] As CTX is the product of type I collagen, there is the possibility that the degraded type I collagen might have already been glycated, especially in diabetic patients. However, to our knowledge, there is no such method that can differentiate glycated CTX from unglycated CTX. Further studies are needed to explore the extent to which the non-enzymatic glycation of bone collagen could influence bone resorption activity and its peripheral measurements.
There are several limitations of this study.
(1) The sample size is small. The conversion rate from NGT to prediabetes in this study was 28.1%, a 25.7% conversion rate was reported in an Asian Indian 10-year follow-up study. 4 However, the progression from NGT to diabetes was much lower in this study (3.1%) than in others (7.3%-19.3%). 4, 12, 26, 42 The low follow-up rate might be a cause for this discrepancy. (2) Only one bone resorption marker, CTX, was measured and no data regarding other bone resorption parameters, such as tartrate-resistant acid phosphatase 5b, were shown. Tartrate-resistant acid phosphatase 5b is secreted by osteoclasts, but its instability [43] [44] and tendency to method-related systemic error 45 limits its wide use.
Recently, higher bone remodeling, rather than a specific bone turnover marker, was reported to be predictive of a lower incidence of diabetes. 22 A comprehensive evaluation of bone remodeling status with a panel of bone biomarkers should still be stressed.
In conclusion, we summarize that the correlation between serum CTX and incident dysglycemia is probably a U-shaped graph, and the same can be observed for the relationships between all-cause mortality and serum 25 (OH) D, 46 OCN, 47 and HbA1c. 48 Overall, this follow-up study further strengthens the hypothesis developed after our initial cross-sectional study, 17 which can be summarized as follows: (1) during the early stages of glucose dysregulation, even in the NGT stage, bone may react by increasing osteoclast activity to improve glucose homeostasis; (2) an overactive bone resorption process may exhaust bone, rendering it unable to provide further protective effects against the deterioration of glucose homeostasis; and (3) maintaining bone remodeling at an optimal range, as shown in this study within the middle tertile of CTX, is beneficial for preventing the transition from NGT to prediabetes and diabetes. Clearly, more evidence is required to verify the involvement of osteoclasts as active bone endocrine cells in regulating glucose metabolism.
